mRNAs. Th e miRNA binds to the 3' UTR with imperfect complementarity, except for the perfect match at the 5' six to eight nucleotides that make up the 'seed' region, and this leads to repressed target gene expression [3, 8] . Th is regulation results in an approximately 1.5-to 4-fold reduction in target gene protein levels and in many cases has signifi cant biological consequences [2] . Among these physiological roles, miRNAs expressed by cells of the immune system have been shown to impact virtually all aspects of innate and adaptive immune responses [2] .
miRNAs regulate mammalian immunity
Innate immune cells express Toll-like receptors (TLRs), which function as sensors of infectious microbes [9] . Th eir signaling results in the transcriptional regulation of many immuno-modulatory genes that instruct the ensuing immune response. In addition to protein-coding genes, specifi c miRNAs that exert either pro-or antiinfl ammatory eff ects are upregulated in response to TLR signaling. For example, miR-155 is induced by TLR ligands and contributes to immune cell survival by targeting Src homology-2 domain-containing inositol 5-phosphatase 1 (SHIP1) and suppressor of cyto kine signaling 1 (SOCS1). Th is leads to increased activa tion of protein kinase B (AKT) and interferon (IFN) response genes [10, 11] . In contrast, miR-21 is induced by lipopolysaccharide in human peripheral blood mononuclear cells (PBMCs) and results in negative regu lation of TLR4 signaling through targeting tumor suppressor programmed cell death protein 4 (PDCD4) [12] . miR146a targets proteins that are involved in the positive transduction of TLR signaling, such as tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), and interleukin 1 (IL-1) receptor-associated kinase 1 (IRAK1), and this leads to reduced activation of nuclear factorkappa-B (NF-κB) and production of pro-infl ammatory mediators such as IL-6 and TNF-α [13, 14] . Certain miRNAs are also downregulated in activated innate immune cells. For instance, miR-124 functions in central nervous system (CNS) microglia to prevent activation of microglia and antigen presentation, and its expression is reduced during experimental autoimmune encephalomyelitis (EAE), a mouse disease model of multiple sclerosis (MS) [15] .
It is becoming clear that adaptive immune responses against self-tissues are impacted by miRNAs at several distinct points ranging from initial antigen presentation to specifi c eff ector mechanisms that are at the heart of tissue damage during autoimmunity ( Figure 1 ). Th ese include (a) activation of antigen-presenting cells [12, 13, [15] [16] [17] . A recent study showed that miR-155 can regulate human dendritic cell development through targeting SOCS1 and Kip1 ubiquitination-promoting complex 1 [16] . (b) Antigen receptor signaling and clonal expansion by lymphocytes are also regulated by miRNAs [18, 19] . During T-cell development, miR-181a is highly expressed in immature T cells and promotes T-cell receptor (TCR) signaling and T-cell sensitivity to antigens [18] , whereas miR-182 promotes clonal expansion of activated T helper (Th ) lymphocytes in the periphery [19] . (c) Lineage skewing by eff ector T lymphocytes is also modulated by miRNAs [17, [20] [21] [22] [23] . For example, both miR-155 and miR-326 are induced during T-cell activation and their upregulation is critical for proper diff erentiation of T cells to Th 17 eff ector cells, which are drivers of tissue infl ammation [17, 21, 22] . (d) miRNAs impact the function of T regu latory (T reg ) cells [23] . For example, elevated miR-146a expression in T reg cells is crucial for their suppressor function on Th 1 responses [23] . (e) Eff ector cytokine production is directly regulated by miRNAs [24, 25] . Expression of miR-29 in T cells can suppress IFN-γ eff ector cytokine production by directly targeting the IFN-γ mRNA, leading to an impaired immune response to infections [25] . (f ) Signaling events that occur in resident tissue cells responding to infl ammatory cyto kines are infl uenced by specifi c miRNAs [26] . A recent study found that miR-23b is expressed by resident fi broblast cells and can suppress activation of NF-κB in response to infl ammatory cytokines [26] . Th us, miRNAs can also regulate the crosstalk between cytokines produced by immune cells and cytokine receptor signaling by resident tissue cells during autoimmune disease. (g) Recruitment of additional infl ammatory cells through production of factors such as chemokines can also involve miRNAs [27, 28] . miRNA-125a negatively regulates RANTES (regulated upon activation, normal T-cell expressed, and secreted) expression in activated T cells in systemic lupus erythematosus (SLE) [27] . Increased miRNA-146a expression negatively regulated the release of the pro-infl ammatory chemokines IL-8 and RANTES in human lung alveolar epithelial cells [28] . (h) B-cell class-switching and germinal center formation are also perturbed in the absence of certain miRNAs [17, 29, 30] . Follicular dendritic cells capture immune complexes and activate B cells to produce autoantibodies against selfantigens. In B cells, miR-155 is important for immunoglobulin class-switching by plasma cells and, consequently, miR-155-defi cient mice have impaired IgG levels during humoral responses [17, 30] . (i) Non-immune cell mechanisms of infl ammation are also infl uenced by miRNAs [31, 32] . Upregulation of miR-155 in rheumatoid arthritis synovial fi broblasts (RASFs) was found to repress the levels of matrix metalloproteinase 3 (MMP-3) and reduce the tissue damage [31] . In contrast, upregulation of miR-203 in RASFs elevates levels of MMP-1 and IL-6, which promotes tissue infl ammation [32] .
In the rest of this review, we will highlight recent fi ndings that have clearly linked immuno-regulatory miRNAs to distinct types of autoimmune disorders, both in clinical samples and mouse models of disease, and conclude with our perspective on how this knowledge might be used both diagnostically and therapeutically.
miRNAs and specifi c types of autoimmune disorders

Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic infl ammatory disorder that causes bone and joint destruction. Although many protein-coding genes have been implicated in the pathogenesis of RA, our understanding of the molecular mechanisms underlying this disease remains incomplete. Providing new insights into RA, recent studies have shown that critical miRNAs, such as miR-155 and miR146a, are dysregulated in PBMCs and synovial tissues (including fi broblasts) from patients with RA [31] [32] [33] [34] . Although the mechanisms leading to the altered miRNA expression are still being determined, it was shown that pro-infl ammatory cytokines such as IL-1β and TLR ligands can upregulate miR-155 expression in fi broblasts [31] . In addition to pro-infl ammatory agents, epigenetic modifi cation of DNA can modulate expression of RAassociated miRNAs. For example, treatment of cells with the demethylating drug 5-azaC induced miR-203 expression in synovial fi broblasts [32] .
Th e functional consequences of altered miRNA expression in synovial tissues of patients with RA can vary. Upregulation of miR-155 in synovial fi broblasts represses the expression of MMP-3 and MMP-1, which may reduce tissue damage [31] . However, elevated miR-203 in RASFs 
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miR-17-92 [29] miR-155 [17, 30] Self antigen miR-23b [26] miR-155 [31] 1. Antigen presentation leads to increased secretion of IL-6 and MMP-1, thereby contributing to chronic infl ammation and joint destruction during disease [32] . Overexpression of miR-124 in fi broblasts reduced the levels of cyclin-dependent kinase 2 and monocyte chemoattractant protein 1, consequently decreasing synovial proliferation, angiogenesis, and chemotaxis [35] . Th ese reports indicate that miRNAs regulate a variety of cellular processes involved in RA and that this includes both tissue fi broblasts and the environment. Furthermore, pro-infl ammatory cytokines that are usually abundant in patients with RA contribute to altered expression of certain miRNAs that, in turn, exacerbate tissue damage due to infl ammation. Specifi c miRNAs are also expressed by, and function within, immune cells found in joint tissues of patients with RA. miR-155 is upregulated in RA synovial macrophages and monocytes, whereas miR-146a is increased in RA synovial macrophages [31, 33] . Increased miR-155 caused downregulation of SHIP1 in RA-associated mono cytes and macrophages, and the upregulation of miR-155 was correlated with enhanced produc tion of pro-infl ammatory cytokines such as TNF-α and IL-6 by these cells [33] . In RA, Li and colleagues [36] also showed that the levels of miR-146a and TNF-α were both elevated. Although TRAF6 and IRAK1 are known targets of miR-146a in other contexts, their expression is not changed in PBMCs of patients with RA when compared with those of healthy controls [34] . Th us, the identification and characterization of additional direct targets of these miRNAs during RA need to be studied further, while this also indicates that miRNA targets can be cell type-specifi c.
In addition to the analyses of miRNAs in samples of human RA, mouse models of arthritis have been used to identify and test the roles of miRNAs that are involved in RA. In a mouse model of collagen-induced arthritis, miR-155 was critical for the production both Th 1 and Th 17 cells that contribute to infl ammation [33] . In a transfer model of ovalbumin-induced arthritis, inhibition of miR-182 in Th lymphocytes resulted in lower disease severity, indicating an essential contribution of miR-182 to the regulation of Th -cell popula tion expansion in response to self-antigens during disease [19] . Using an autoantibody-mediated arthritis model, Nagata and colleagues [37] showed that injection of double-stranded miR-15a could be taken up by the cells in the synovium and induced cell apoptosis through inhibition of Bcl-2 protein expression. Th ese studies provide further evi dence that the dysregulation of miRNAs and thus their functions have consequences during the pathogenesis of RA.
Multiple sclerosis
MS is driven by dysregulated T cells that inappropriately respond to myelin and other CNS antigens. Th e exact mechanisms that initially drive immune dysregulation and infl ammation in this setting remain uncertain, as there appears to be a great deal of complexity underlying the triggers of MS. miRNAs are highly expressed in immune cells within CNS lesions of patients with MS, and this is consistent with their emerging roles as regulators of T-cell activation and other mechanisms that cause demyelination during MS.
Dysregulation of miRNA expression has been observed in patients with MS compared with healthy individuals. Studies assessing PBMCs from patients with MS have revealed that miR-18b and miR-599 levels are associated with the time of disease relapse but that miR-96 is involved in disease remission, probably through regulation of cytokine and Wnt signaling [38] . Th e miRNA expression profi les in CD4 + , CD8 + , and B cells of relapsing-remitting patients with MS were also studied and once again revealed diff erential miRNA expression patterns [38] . For example, miR-17-5p was upregulated in CD4
+ lymphocytes of patients with MS, whereas miR15a and miR16-1 were downregulated in PMBCs from relapsing-remitting patients with MS [39] .
EAE is a widely used animal model of MS that is induced by immunizing the mice with myelin antigens such as myelin oligodendrocyte glycoprotein. Recently, this model has been used to study the functional consequence of dysregulated miRNA levels in MS. For instance, both miR-155 and miR-326 are expressed in CD4 + T cells from EAE mice [21, 22] . Th ese miRNAs regulate the severity of the disease by infl uencing Th 17 development, which is an important driver of tissue infl ammation [21, 22] . In addition to T cells, upregulation of miR-326 and miR-155 in active MS lesions is important for the proper macrophage activation [40] . By targeting the 3' UTR of CD47, which functions as an inhibitor of macrophage function, these miRNAs activate macrophages and promote phagocytosis of myelin [40] . Th e dysregulation of miRNAs in brain-specifi c macrophages, or microglia, is also found in mouse EAE models. miR-124 is specifi cally expressed in microglia, but not other peripheral monocytes or macrophages, and leads to their quiescence by targeting the transcription factor C/EBP-α [15] . During the onset of disease, miR-124 is downregulated in microglia, resulting in their activation and contributions to neuroinfl ammation [15] . Th ese examples demonstrate that miRNAs can regulate the function of both infi ltrating lymphocytes, as well as mature resident tissue cells, that participate in the pathogenesis of MS.
Systemic lupus erythematosus
SLE is an infl ammatory disease that is characterized by the presence of autoantibodies against self-antigens and the formation of antibody-immune complexes. Although a functional role for miRNAs during SLE has not yet been demonstrated by using mouse models, alterations in miRNA expression levels in PBMCs and kidney biopsies from patients with SLE have been described [41, 42] . Among the known miRNAs that play important roles in the immune system, miR-155 and miR-146a were those initially appreciated [13, 14, 17, 30, 43] . In the context of SLE, their profi les were further studied in patients' urine and serum samples. Th e level of urinary miR-155 positively correlated with SLE disease activity, whereas the level of urinary miR-146a inversely correlated with the urinary expression of TNF-α [44] . Th ese studies support the possibility that miRNA expression profi les, even in extracellular fl uids, may be used as diagnostic markers of disease type and severity.
Th e functional targets of miRNAs that become dysregulated during SLE are beginning to be studied. Tang and colleagues [45] found that miR-146a expression was downregulated in PBMCs from patients with SLE and that miR-146a negatively regulated the type I IFN pathway by targeting IFN regulatory factor-5, signal trans ducer and activator of transcription 1 (STAT1), and TRAF6/IRAK-1, key regulators of the type I IFN pathway. Th e authors also reported that the downregulation of miR-146a negatively correlated with disease activity in patients with SLE. Th ese results indicate that downregulation of miR-146a may contribute to the elevated production of IFNα observed in SLE, which itself plays a pivotal role in the pathogenesis of the disease [45] . Another miRNA, miR-125a, has reduced expression in PBMCs from patients with SLE and contributes to T-cell activation in patients with lupus by targeting KLF13 [27] . Th e increased expression of KLF13 results in overexpression of the infl ammatory chemokine RANTES (CCL5). Th is triggers the detrimental eff ects of infi ltrating infl ammatory mediators [27] . miR-21 and miR-148 are also overexpressed in PBMCs of patients with SLE, and these miRNAs target the DNA-methylation pathway. Th is causes DNA hypomethylation and overexpression of autoimmune-associated genes that are methylationsensitive, thus promoting autoimmune responses associated with SLE [46] . Th ese examples clearly link miRNAs to SLE and indicate that it is important to identify specifi c targets of SLE-associated miRNAs in order to understand how these non-coding RNAs infl uence disease pathogenesis.
Th e molecular mechanisms that cause dysregulation of miRNA expression during SLE are still being investigated. One possible mechanism could involve polymorphisms in the promoter regions of miRNAs that can aff ect miRNA transcription. Th rough genome-wide association studies, two genetic variants that are located in the promoter region of miR-146a, called rs57095329 and rs2431697, were found and they are associated with SLE susceptibility in Chinese and European patients, respectively [47, 48] . Th rough reduced binding affi nity of transcription factors to this region (for example, Ets-1), miR-146a expression was reduced [47] . Because miR146a plays an established anti-infl ammatory role, its diminished expression could lead to enhanced expression of its target genes involved in signaling pathways that drive SLE. Th ese are among several aspects of SLE that need to be investigated in greater detail.
Infl ammatory bowel disease
Infl ammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), is a chronic infl am matory disorder of the large or small intestines or both. Th e diff erential expression of circulating miRNAs has been studied in the sera of patients with pediatric CD and in peripheral blood samples of patients with CD or UC [49, 50] . Diff erent peripheral blood miRNA expression signatures were observed between distinct experimental groups. For example, patients with active CD exhibited a diff erent miRNA signature than patients with active UC when compared with healthy controls [49] . In another study, analysis of miRNAs revealed a unique pattern of diff er entially expressed miRNAs in platelets from patients with IBD [50] . Notably, through a genomewide analysis, hsa-miR-941 was shown to be physically linked to UC susceptibility loci, suggesting a potential role of miRNAs in the pathogenesis of disease [50] .
Epithelial cell miRNAs were shown to be key regulators of gut mucosal immunity and function by infl uencing the crosstalk between the epithelium and T cells which is important for promoting protective T helper type 2 (Th 2) responses [51] . Recently, unique miRNA expression profi les have also been observed in epithelial cells of patients with diff erent types of IBD [52] [53] [54] . miRNAs are diff erentially expressed in active UC and CD tissues when compared with healthy control samples, suggesting that miRNA expression is specifi c to the degree of infl am mation as well as location and type of disease [52] . miRNA dysregulation in non-infl amed CD and UC tissues has also been reported. Th e pattern of miRNA expression in both non-infl amed CD and UC tissues has overlap when compared with infl amed tissues, suggesting that the altered miRNA expression patterns in the non-infl amed tissues of patients with IBD may be used as new diagnostic biomarkers [53] . Furthermore, miR-31 expression was found to be increased during disease progression in patients with IBD [54] . Together, these data indicate that specifi c miRNAs provide new markers that can be used to discriminate between distinct disease types in patients with IBD.
Sjögren's syndrome
Sjögren's syndrome (SS) is a chronic autoimmune disease defi ned by an impaired immune system that targets moisture-producing glands, such as lachrymal and salivary glands, leading to clinical symptoms that include dry eyes and a dry mouth. Although studies addressing the role of miRNAs in SS have just begun, dysregulation of certain miRNAs, such as miR-155 and miR-146a, has been observed in both salivary glands and PBMCs from patients with SS [55] [56] [57] . For instance, miR-146a is signifi cantly increased in salivary glands and PBMCs of patients with SS [55] . Th e upregulation of miR-146a in PBMCs of patients with SS was associated with the dysregulation of its target gene IRAK1 [55] . Another example of dysregulated miRNAs in patients with SS is the miR-17-92 cluster. miRNAs produced from miR-17-92 have been associated with lymphocytic pathologies [58] , indicating that they may play a role in the pathogenesis of SS [57] .
miRNA expression patterns were also studied in saliva exosomes isolated from patients with SS, in which distinct miRNAs were found. Th is innovative approach might provide a diagnostic method for characterizing this disease without the need for invasive collection of biopsies [56] . Furthermore, next-generation sequencing of the small RNA populations in minor salivary glands of patients with SS revealed several previously unidentifi ed miRNAs that are associated with SS [59] . Th ese data suggest that miRNAs are involved in SS pathogenesis and may serve as useful diagnostic markers of disease type and severity. However, the functional roles of miRNAs associated with SS need to be tested to determine whether therapeutic targeting of miRNAs is a possible option for patients with SS.
Psoriasis
Psoriasis (PS) is a systemic and chronic infl ammatory disease that causes skin redness and irritation. Th e mechanisms responsible for the dysregulation of the immune system during PS are not fully understood, and several studies have pointed to the involvement of miRNAs in the pathogenesis of PS [60, 61] . miR-203, miR-21, and miR-146a are all increased whereas miR-125b is downregulated in PS compared with healthy skin [60] . Th is suggests that miRNAs may play a role in PS pathogenesis. Increased miR-203 levels in PS are associated with constitutive activation of STAT3 signal ing, and this is achieved by direct targeting of SOCS3 for repression [60] . Th is, in turn, leads to infi ltration of immune cells to the skin of patients with PS. In another recent study, miR-21 was shown to be upregulated in both dermal T lymphocytes and epidermal cells of PS versus healthy skin [61] . Furthermore, this study revealed that a function of miR-21 in activated T cells is to enhance the survival of activated T cells, conse quently promoting psoriatic skin infl ammation [61] .
Primary biliary cirrhosis
Primary biliary cirrhosis (PBC) is an autoimmune disease that is defi ned by the destruction of small bile ducts within the liver. Diff erentially expressed miRNAs have been identifi ed in the livers of patients with PBC compared with normal controls [62, 63] . miR-299-5p, miR328, and miR-371 are upregulated in patients with PBC, whereas miR-26a, miR-122a, and miR-99a are down regulated [62] . In this fi rst study to describe altered expression of hepatic miRNA in patients with PBC, the authors also showed mRNA targets that may be aff ected by this particular miRNA expression signature, thus providing information for the underlying molecular mechanism that is important for the pathogenesis of PBC [62] . However, additional studies are required to demonstrate a causal link between these miRNAs, their targets, and the development of PBC. In another report, miR-506 expression was found to be increased in PBC liver specimens when compared with normal livers [63] . Interestingly, mouse studies have shown that one of the miR-506 predicted targets, Cl − /HCO3 − anion exchanger 2 (AE2), is involved in the pathogenesis of PBC. Th is report demonstrated that elevated miR-506 expression led to reduced AE2 levels and defective biliary secretory activity and did so by directly repressing AE2 protein expression through a 3' UTR-dependent mechanism [63] . Th ese data indicate that miR-506 may function as a potential therapeutic target to treat PBC.
Diabetes
Type 1 diabetes (T1D) is an autoimmune disease that is characterized by the production of autoantibodies that target the pancreatic beta cells, which are the major insulin-secreting cells. Th e miRNA expression profi le was assessed for both immune cells and pancreatic beta cells of patients with T1D [64] [65] [66] [67] . In T reg cells of patients with diabetes, miR-510 expression is increased whereas miR-342 and miR-191 are decreased [64] . miR-326 expression is increased in peripheral blood lymphocytes from patients with T1D and increased expression of this miRNA is highly correlated with disease severity [65] . In pancreatic beta cells, NF-κB-dependent miR-21 expression results in decreased levels of the tumor suppressor PDCD4. Th is leads to resistance to apoptosis and reduced tissue damage [66] . In a mouse study in which T1D is induced by streptozotocin, a Dicer defi ciency in pancreatic islet cells enhanced disease severity, indicating that miRNAs expressed in islet beta cells play protective roles during T1D [67] .
miRNAs as biomarkers and therapeutic targets
Overall, the importance of proper miRNA expression and function during the onset, progression, and reso lution of diff erent types of autoimmune diseases is becoming clear. Dysregulated miRNA expression contributes to many aspects of autoimmunity by acting in immune and tissue resident cells and by impacting the crosstalk between these compartments. Th rough repression of their targets, many of which are positive or negative regulators of important cellular processes, miRNAs infl uence a variety of signaling pathways with established roles in autoimmunity. Some miRNAs target the same signaling pathway in diff erent types of autoimmune diseases. For example, miR-146a targets TRAF6/ IRAK-1 in both SLE and SS [45, 55] , whereas miR-21 targets PDCD4 in both SLE and T1D [66, 68] . In addition, by targeting the same mRNA, miRNAs play distinct roles in diff erent type of diseases. For instance, by repressing PDCD4, miR-21 promotes autoimmunity in patients with SLE but reduces tissue damage in patients with T1D [66, 68] . In contrast, other miRNAs target distinct signaling pathways. miR-21 targets the DNA-methylation pathway, tumor suppressor PDCD4, or T-cell apoptosis to promote autoimmune responses in SLE and PS [46, 61, 68] . Th ese studies suggest that miRNAs have multiple targets during autoimmune diseases and that, by aff ecting diff erent signaling pathways, miRNAs contribute either positively or negatively to autoimmune conditions. Owing to the multi-target nature of miRNA biology, it remains challenging to quantitatively assess the relative contribution of individual targets to miRNAdependent phenotypes, and this should be a goal of future approaches.
Now that a causal relationship between specifi c miRNAs and autoimmune pathologies has been established in mouse models, the next important step will be the development of therapies that can exploit these connections clinically. As shown in Figure 1 , therapies could be designed to target specifi c steps in the infl ammatory process or used in combination to achieve a potentially stronger eff ect. Among the approaches that have been eff ective in preclinical mouse models are the use of chemically stabilized anti-sense inhibitors, as demonstrated by targeting of miR-155 or miR-182a [19, 69] , or delivery of such inhibitors via nanoparticles, as has been shown for miR-155 [70] . One of the most successful miRNA-based therapeutic applications is systemic administration of a miR-122 antagonist, SPC3649. Th is agent, which is in phase 2 clinical trials, is delivered to hepatocytes to block replication of hepatitis C viruses [71] . Other miRNA-based therapeutics against diff erent types of human diseases are under preclinical development, including miRNA antagonists to prevent or reverse chronic heart failure and myocardial infarction [72] in addition to miRNA replacement for cancer treatment [73] . Although these are important advances, consideration should also be given to the development of methods that target specifi c types of cells responsible for driving disease phenotypes. Among the benefi ts of such a technology would be the avoidance of repressing miRNAs expressed by bystander cell types in vivo, which could cause unintended side eff ects.
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